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EFECTS OF COMPRESSIBILITY ON THE MAXTIMUM rIFT..
CHARACTERISTICS AND SPANWISE LOAD DISTRIBUTION
OF A 12-FOOT-SPAN FIGETER-~-TYPE WING OF
NACA 230~-SERIES AIRFOIL SECTIONS

By E. 0. Pearson, Jr., A. J. Evans
and F. E. West, Jr.

SULIMARY

Force and pressure-distridbution measurements were
mede on a f'lghter-tyne wing model of conventlonal
NACA 230-series ulrfoll sections in the Largley 16-foot
high-speed tunnel to determine the effects of compresnsl-
bility cn the maximum 1ift characteristics and the s»nan-
wise load distribution. The range of ensgle of attack
invertigated was from -10° to 24°., The Mack number renge
was “rom 0.20 to 0.70 at snall and mediun angles cf attack
and from 0.1l% tn 0.625 at very large angles of attacl:.

In the Mach number range Trom 0.15 to 0,55, the
maximum 1ift coefficient first incrensed with lncreasing
Mach number and then decreased rapidly after having
reached a peask value at a lNach numbhe:r of 0.20. 4t HMach
numbers hirher than 0.55, the rate o decrease of maximum
1ift coefricient with Mach number was coanslderahly reduced.
At theese higher speeds the 1lift coefflclent contlinued to
increase with angle of attack well beyond the angle at
which marlced flow separation or stalling occurred, and
the maximum 11ft coefficient was reached at angles 10°
to 12° beyond the stalling angle.

No slgniflcant changes 1n the span load distribution
were found to occur below the stall at any of the test
speeds., ‘hen the wing estalled at high speeds, the
resultant load underwent & moderate outboard shift, which

resulted 1In Increases 1n root bending moment up to about
10 percent.
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INTRODUCTION

Wind-tunnel tests of a rectangular wing of NACA 0012
airfoil section (referencs 1) showed that the maximum 1ift
coefficient reached a peakx value at thie low Mach number of
0.19 and decreased ruridly as the Mach number M was
increased frnm trkis value up to the highest Mach numher
of the tests (M ® 0,35). Although these tests were
necessarlily limited in scope, they indicated the lmportance
of a knowledge of the effect of compressibility on the
maximum 1ift coefficient both iIn the estimutlion of the
maneuvering. performance and loads of high-speed alrcraft
and in the--interpretation of wind-tunnel nmeximum 1ift
date as applied to the-prediction of sirniene character-
istlcs.at. low speeds.

Mnre- recent two-cimensimnal wind-tunnel tests of a
number »f propeller-type alirfoils over a relatively large
Mach numoer range (reference-2).showed effects for the
thicker -alrfalles similar :to.those .Af reference 1 and in
addition .showed large increases in the maxlimum 1ift coef-
ficient starting at Mach rnumbers of about 0.5. Flight
tests of fighter alrplanes reported 1n references 3 and 4
showed large decreaces in the 1ift coefflclent corre-
spon€ing te the stall.up to Mach numbers of about 0.6.

A high-speed wind-tunnel- investigation of a numbsr
of three-dimensional wings of diffecrent alrfoll sectlons
has been undertaken to provide more detailed informatlon
on the high-speed stalling phennmena. Ileasurements to
determine the effect »f compressibility on the spanwise
load distritbution were included in the program because cf
the related importance of the load distrlbution as a
determining factor of the-strength rejuirements of wings.-
The present report glves the preliminary results of force
and pressure measurements in the Langley 1l6-foot nigh-
speed tunnel on the first of a series of wings. The
mocel tested wus u fighter-type wing havine an aspect
ratio of 6, a taper ratie nf 2:1, and conventlonal
HACH 230~gerles alrfoll sections.
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SYMBOLS

V' true alirspeed, feet per second

a spreed of souhd in alr, feet per second

Mach number (V/a)
air density, slugs per cublc foot
dynamic preassure, pounde per square foot (%pvz)
Reynolds nunber (EE%)
N

T v a0 v =

coefficlent of viscosity of air, slugs per
foot-second

The foregoing symbols rerresent the undisturbed
stream values.

c crose--sectlional area of the tunrel at the throat,
square feet

D equivalent: dlameter of the tunnel test section,
feet <J/i%)

N

3 wing area, sguare feet

b wing aspan, feet

Y epanw!se distance measured from the plane of
syrmetry, feet

Cg airfoll chord at plane of aymmetry, feet

T mean chord, feet (S/b)

c alrfoll chord at any spanwise locatlion, feet

t maximum thickness of eirfoll sectinn corresponding

to the mean chord, fest
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wing 11ift, pounds

wing 11ft coeffiiclent (ELST)

section normal force (force per unit span), nounds
rer foot

ection mal-force efficient RN
section norm orce co c (ﬂ%}

load coefficient
c, ne
wing normel-force coefficlent |2 1§U/1 cn = dy
0 Cs
corrected anrle of attacl of tlie root sectlon

(section &t the plane of sTmretry), degrees

angle-of-cttack correcticn due to the jJet
boundary-induvced unﬂaqb &t the 1lifting llne,

degrees (?r.s 5 % VI)

a function of the ratio cf wing spen to tunnel

I' . 4 l-'. :b \8
dlameter \§[- + 16 \D} D) ]:)

angle-of-attack correctlon due to the jet
boundary-Iinduced strezmline cnrvature,

degrees (—i:05 _ -% A“LI)

Vi - u®

APPARATIS AYWD I'ETHNDS

L diagraimatlic sketch of the winrg del ured in the
tests 13 given in figure 1. The prinelpal dirensions
given in the fircure and other nertinent irnformation are
glvern in the following liste
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Span, £t . .

L L L[] L ) L . L] L] L] L] L] o » L] . L] - L L ] L] 12

M‘ea’ sq ft L] ] . L ] L] . L] [ ) L] a L ] [ ] L] L] L] L] L ] L] » [ ] 24
R Aspec‘b TAELO i v 4 che 68 e e e et e e e e e w - 6
Taper vatlo . ¢ ¢ o ¢ o ¢ o ¢ o o s o « 2 o« s o » » 221
Ceometric and aerodynamic twist (washout), deg . . . 4.2
Roct section « v ¢ ¢ ¢ o o o « o o o o o o &« NACA 23016
Tip section L] L ] L] L] L] L] [ ] L) L] L [ ] L] L[] e a ° NACA 23009
Dihedral (along the 1/4 chord 1ine), deg . « « » « = 0
Sweeptack (along the 1/4 chord 1line), deg . . . . 3.18

The wlng was of bullt-up steel constructlion and was
machined in such a manner that surface elements connecting
equal percentage-chord points of the root and tip sections
were straight lines.

Thirty-three presasure orifices were distributed over
each of six wing sectlions, the spanwlse locatlons of which
are given in fifure 1. The chordwlse distributlon of
pressure orifices Tor a typical sectlon ls also shown in
figure 1. Tke pressure tubes were brought out of the wing
to multiple-tube nanometers 1in the test charber by means
of the boom and movable strut arrangement shown in flg-
ure 2. or the lorce tests the boom and strut wers
removed and the boom replaced with a short falring, which
1s shown 1n figure 1.

The wine was mr»unted st the tunnel center line on
shielded strutes having a thiclmess-chord ratlo of 0.15.
The thickrness-chord ratio of the shlelds was 0.,124. ¥ig-
urs 3 is a photograph of the wing mounted upright in the
tunnel for the force tests.

Most of the test runs were made with the ansgle of
attack held constant while the tunnel speed wes varied
from about 150 miles per hour to the maximum speed
obtainable, which for wing angles of attack bzstween o°
and 4° was approxinstely 520 miles per hour. The corre-
sponding YMach number range was from C.20 to 0.70, and
the correspondlng range of average Keynolds number was
from 3.0 x 10% to &.1 x 105, PFilgure 4 shows the varila-
tion of average Reynolds number with Mach number. TFor
very large wing anrles of attack the maximum obtalnable
tunnel speed wes about 460 miles per hour, which corre-
sponds to a Mach number of about 0.625. In the deter-
mination of maximum 1ift coefficlents additional tests
woere made with the tunnel speed held constant while the
angle of attack was varied in the region near maximum
l11ft. The geometric angle-of-attack range of the teats
was from -10° to 24°.
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In tke loed-distrlbutlion tests the statlc pressures
over the slx wing sections, as indlcated by several
mltiple-tuhe manometeors, were recorded photographlcally.
The chordwlse presrure distributione determnined from
these photographic records were integrated mechanically
to find the rection normal-force coefficlents.

CORRECTIONS

Tance data.- The force data i.ave been corrected for
strut tares, air-stream misallrement, ard tunnel-wall
effecte,

The strut tare forces were determ.ned from tersts
with the wing inverted with wnd with»out image suppnert
struts Installed. A photograph oi the inverted wing with
the 1mage struts installed is given 1n Tipure &. The
largest increrents of 1ift coefflcient due to the support
struts vvere betweer G423 and .04,

The effective mizalinemsent anrle of the air strcam
was determined frem tec~ts of the wing urrlight and inverted
with the lmage struts instalied and was found tc be constant
at C.15° throughout the speed range of the tests.

In crder to prevent alr lesitare turcugh the sirut
skilelds, thin rubnher Zlaphragms were fitted around the
baree of the skleldes. An addltlonal correcticn to the
1ift was necesscltated hecauze of a pressure differentlsal
across the dlaphrasme. This prescure differential was
measured during the force tertrs b7 means of a mizcro-
mancmeter, and a calibration was macde with the wing
reroved to determine the variation of 1lift force with
nregssure cdifferentisl., This correction was very =small
in the region of maxirum 1ift (less than one-half of
1 perceat at all speedas).

The effects of the tunnel walls were sccounted for
bty the methods of references &, 6, and 7 ar follows:
The principal part of the angle-oi'-atfack corrcction
given in roference & 1ls -

Aaypy = 57.35§CL degrees

Tris equation le strilctly wvalicd only for the case »f an
elliptical aspanwise load distributicn. 4 check csalculation
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by & more eiiact but more dstalled procedure based on the
experimentally determined span loading revealed that the
“error incurred by the-use of the .simpler form wag negll-
gible. At a wing 11ft coefficient of 1.0 the correction
was 0.93°,

An sgdditional correction to the angle of attack
due to an induced curvature of the flow was calculated
from the equation

c
bagp = —=22— Saary,

This equatlon 1s basgsed on the original ircompmressible-
flow derivation of relference €. The modification

V1 - Me  1g given in reference 5. Thls correction
amounted to 0.16° at a 1ift coefficient of 1.0 and a
Hach nurber of 0.6,

Correction=s to the strsam veloclty, dynamic pressure,
and lachk nw-uer, and to the wilns 1ift coefliclent cue to
constriction effects were caleulated by the wmethod of
reference 7. The c¢orrection to the vc10ﬂify 1ls

AV _ 0.6bat . €300

¥ (e 372 7 \/ 2) a1{ 1 - mz)g

vvhere AV 1s the effective iricremental velcclty dus to
constrictlon, B and I are the brrcadth and helght of

a rectangular turnel, and Cpy 1s the wing profile-drag
coeffleisnt. 7The two terms on the rirrt of the equation

glve the veloclity lncrements due, respectively, to “soliad"
constriction and “"walke% constriction. Since the mamgnitude

of the wake constriction effect iz a functlion of the veloclty
loss 1n the wake snd the size »f the wake, tl.e correction

1s exprecsed 1n terms of the proflle-drag coefilcient,

vhich 1= 8lso a function of those quantlties.

No theoretical treatment of the problem of constric-
tlon effects for a finlte wing in a circular tunnel exists
at the present time, ard the foregoling relation waes thought
to represent the hest avallahle approximation. As modified
for the case of the clrcular tunnel, the equation became

LV _ 0.6bct _ CpoC
v ( /__—MT?)° it Q/i_-_ﬁ)’“
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where H 1n thls case 1s the averego helght of ths tunnel
in the region occupled by the wing. The constrictlion
corrections to the dynamic pressure, Mach nuwber (refer-
ence 5), and wine 1ift coefficient are as fecllows:

AQ _ AV
3 - 2—‘7-
[ (1 + c.zrr) <V
vl \ f

| 1
2y C-
rw &

H

1]

15

The correctlors were small Tor low angles of attacikk over
ti:e entire :luch musber rarge. At 1 seoretrlic sngle of
aiitack of 49 and a Muzh nuwsher of .7 the corrections to
the 1ift coefficient anc Mash numbcr nere, respactively,
1.0 percent ana 0.6 jercent. At cagles of attuck abova
the stall whsre tlie érag becane very larte (indlcative of
a lerge vaxe), the corrsctions agsmuried some importancs,
At & ceoretric angle of attack of 24° and a Iisch numre

of (.6 the correcticne to the 11Tt cosfficlent end i'ach
nurber vere 4.%Z percent and 2.2 percent, respectivelyw,

regsurs-alstribution data.~ The nregsure-~distrivution
data Enve Deen corrected for tne prirncinal effects »f the
gupport strute in that the free-stream values of stsatic
pressure and d¢ynanic pressuvre ujon wiich the presauvre
cogofficiente were haged varea Cetermlred Irow a swrvey of
the flow in the test section wlth Lhse support struts end
shields installed. Some gmall lcnal eflfects of the
struts on the gpaniise load Alstritution remaln. These
effects willl be discussed in tre section ontitled "Results
and Discusaion,"

The effect of the tunael valls on ilie o~panwire load
distribution was coneidered and Tzund o be very omalls
consejuently, these cdata &2 nresenfted are unccrrected
for tunrel-wall interiercnce.

RIZSVLTS AND ZTSIUSZICH

iing 1ift characteristice {forece test resvlts) .- The
11ft characteristics o, the wing as a iwnction or anfle
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of attack end Mach number are shown in figures 6 and 7.
Figure € 1s presented to lndicate by the scatter of the
tést polfitsthe precision with which-the-data were. ..
obtalned. The same data with the test-point symbols -
removed and with the horizontal llines cdrawn for constant
and even values of angle of attack are glven in figure 7.

The variation of maximum 1ift ccefficlent chax .

with Mach numrber 1s shown in figure 3. The maximun 1ift
coefficient lncrease= wlth lncreasling Mach number untll

a Mzach number of about 0.30 1z mesached. This ircrease can
probavly be attributed to e comblination of Feynolds number
end ‘ach number effscts; however, the Rewmolds numher effect
probhably mredomlnates in thils rerion. As the ilach number
1s increased above 2.30, the moximun 11ft coefficlent
cdecreases &t an incrsasingly rapid rate until a ach nuwmber
of abrut 0,58 1a8 reached. In the “opion hetween M = 0,58
and 7 = Q,.,C22 ths rate of decrecase of maxinum 1ift coef-
ficient with ilac:. nurlter 1z choncidorably reduced.

The iift-coefficlient curves »f ficure 7 are presented
egalr. in ;1r\re S, nlotied to a com:ion angFle-of-atback
gcaly to 1llustrets weore clearly tne chinging nl:aracter
of tYe stall a~ the Hac} number iz ircrcared, £is the
fieen nwibcr ingreascs ahsve 0,3C thie antle oJ attac': zt
wnlch the vwing stalls progreszively decrearsss alss, at
Mach meirers helow 0,55 tre stalllng angle and the angle
for raxzximur 1I1{t sre apvuroxiaelely the rume. £t :Tach
nul.ers obove 0,55, however, tre mazlmum 2i1it ccefiiclent
occurs aiL an argle of au*ack 10° tn 130 hiznsr than trat
at which pronounced seperution of Lhe flov berins.

Thene data 1ndicate that for airplanes with wings
gimilar to the test wing there exlsats at high speeds a rangse
of maximum obtalnaule 1ift coefficient. Thlis ranre extends
from the 11ft coefficlent cor:espondine to the 1nlitlal
strll (auch a= showr by the lower dashed curve of fipgure B8)
to that correspeonling to the actual maximum 1ift ccefficient
of the wing., At the lower value of 1ift coefficlent
corresponding to the change in slope of the 1ift curves of
flgure 9, inereases 1n =tabllity duve primarily to decreaces
in downwash angrle are likely to 2ccur. It might bLe expected
therefore that at high speeds the amount of elevator control
avallable would bhe an Iimportant factor in determining the
maximum 1lift coeflficient obtainable (reference 4). Thus,
an elronlene with a limlted amount of elevatar control
might be canaktle of reacking wn angle of atitack only a few
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degrees atove the ztell, and the nmaximum 11ft coefficlents
obtainahle misght bhe only slisghtly greater than thoce
represented by the lower deshed curve of figure 8. Tail
brfetiug 1« aleo 1likely to occur when the flow separates
fron the wing, =o that »nlloting technique cannot be ovar-
1o0ed as 2 vosslble determinirs factor. PFinzlly, at very
higl: Mae™ rumbers it 1s possivle that actual lnstal:1lity
ﬂi"l oo enccuntered, In wklch case ligh angles of attack
gd Ligh 1ifte mishit bo obtained inadvertently ragardless
of the corntrol rpcuver.

Shamvise Jcad Giskributior.~ Srpanwiere lond Giztri-

bution ecurves fer ¢ rumier of valuers ¢f ving neormal-for
coefficlent =2nd ¥aclh puaher are an“ in _i;ure 10. As
menlloned urﬁv*ous*T the Jrlnqipal «ffent of the s=support
sbruts {(which ie to incrcace the efrcctlve ~trear velocity)
was eccovntsd Lor by calitrating tihe vwincl with the struts
installel, +The locel efi'egt ol t“e rtruts ls to reduce

tas 1ift at & glven angle cf attash by a amall emount and
to prodice a »light cdlasc-rtion v the man loudin~, 1tThis
clztsrtion may be scen a7 & ALp 1un tl.e curvez ol ITipure 1U

near the spanwlse statinn L = 0.85. The solid urd

o/Z
dashed purves of ”iﬁur" i1C ropresent tas ioad Sistritutions
before and after the stall, resrectively,

The courvae of figure 11 svrrmmirice the changes in sman
loading thatbt ere fovnd to ocerr at tho n chen te-ht speeds,
Ho zignificans chanveg in the «ran loadins were 7 d
scrur belov the siall at ary of the creeds of the *ent,
evan whaen ahoclt waves vere well estekliched »ver the ceounter
rvart ¢U the ving. Chan~wes 1n tre sran lca7lar were
chaerved to bake placs abeve ohe high-speed =tall, hovever,
the centser of 1lcasd helnr shilfted suth:2ard. 'Whe~e chunrez
at the higher =peeds wera found to ve @mnlerate. The
largest corrosponidl:iyy increas~ in ending riowent at the
root (for constant 1ift) was fcocund te be about 10 nercent
et a Yech nuuer of 0,55 ard a wjng norael-force zoefficient
of sbout C.985. Tnre changses In lcad clstrilbubior due to
stalling at low snoecs vere acnewaat larcer than those nt
hich specds hut are not o particulor =sirslfizance Lecause
the total 1ift csnuot te mainituiaed beyoud the <tall,

A comparison of the experircnially determined load
dlstribution curves at il = C.40 wiih tho=e calculated
by tlhe mothod of raference 8 iz shewn 1In flgure 12 fer
values of wlng normal-force coefficient of 0O &and 1i.C
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The agreement shown 1s tynlcal of that exlsting in the
unstalled part of the 1ift curves=s.

COMNCLUDING REMARKS

Wind-tunrel tests of a tapered wing of NACA 230-sories
alrfoil sections at Hach numbers ranging from 0.15 to 0.70
have shown thats:

l. The maxirmm 1lift coefficlent firat lncreased with
increasing lMach number up to a lirck number of 0.3. As
the liach nunmber was Iincreased ahbove this value the maxl-
munm 11ft coefficlent decreased rapidly.

2. A large rec¢uction in the rate of decrease of mnaxi-
mom 1ift coefflecient with llach nurber cccurred in the
Mach number ren~e of 0.55 %o Q.625., The tunnel lach nunber
ol 0.6Z85 wna thue hilrfthest value that could be obtained et
the lrfrre angles cf attack requisite for maximaz 1ift.

3. At il‘ach nmmhers bhelow 0.5E the anzles of attuck
at wrich the maximum 11ft coel“icieni vas reached an< at
whichk stalline oceurred were apnroximately the same. At
"ach nurbers above 0,85 the an~le of ettacik at vhich the
maxirnmm 1ift enefficient was reached vaz 10° to 12° beyond
the anrle at which the wing 1nitially stalled.

4. "o aleniflcuant changes in the span load dlscributlon
occurred below the sts&ll at anyw of the speeds testsd.

E. Moderate chan~es 1In the span load dlstribution
cccurred when the wing stalled at high speed, the center
of load being shifted outbcard. The larrest corresponding
increacse In bvending moment at the ing root for constant
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11ft wes abcut 10 percent and occurred at a Mach number
of 0,55 and st a wing normal-force coefficilent of about
C.95.

Langley Memorial Aerorautical Leboratory
Mationel fdvisory Commlttee for feronautlics
Lengley Tleld, Va,
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